Abstract-Bacteria and chronic inflammation are present in squamous cell carcinoma of the head and neck (HNSCC), but their roles in the pathogenesis of HNSCC are unclear. Our studies described here revealed that human monocytes co-cultured short term with HNSCC cells were more likely to express CD16, and CD16
INTRODUCTION
The mechanisms of HNSCC progression are poorly understood. A prominent component of the HNSCC microenvironment is inflammation, and there is mounting evidence to support a contributory role for inflammation in HNSCC progression. For example, serum levels of IL-6, a cytokine produced during inflammation, were shown to be consistently increased in patients with HNSCC and are associated with cancer progression [1] [2] [3] [4] . IL-6 induces activation of signal transducer and activator of transcription-3 (STAT3), a transcription factor important in carcinogenesis and cancer progression, including HNSCC [5] [6] [7] [8] [9] [10] [11] . Importantly, there is significant heterogeneity among HNSCC cell lines in the ability to produce IL-6 (among other factors) [12, 13] , suggesting that other cells in the HNSCC microenvironment are likely involved in cytokine production. We showed previously that despite HNSCC cell heterogeneity, LPS-stimulated monocyte-HNSCC co-cultures consistently provided soluble factors that induce the activation of STAT3, including IL-6 [13] .
The inflammatory infiltrate in HNSCC routinely includes innate immune system monocytes, dendritic cells (DC) and macrophages [13] [14] [15] [16] , cells that are also normally present in a variety of reactive inflammatory lesions. High numbers of CD68 + monocyte-lineage cells infiltrating HNSCC were shown to directly correlate with lymph node metastasis, extracapsular spread and advanced stage of disease [17] . The mechanisms underlying this association between monocyte-lineage cells and HNSCC progression are not known.
Another component of the HNSCC microenvironment had been overlooked until recently. The mucosal surfaces of HNSCC are colonized by bacteria [18] and more importantly, live Gram-positive (ex. Staph. aureus, Strep. salivarius, etc.) and Gram-negative bacteria (ex. Prevotella sp., Fusobacterium naviforme, etc.) have been found within the superficial and deep aspects of oral SCC [19, 20] . Similarly, numerous live aerobic and anaerobic bacteria were cultured from the vast majority of lymph nodes containing oral SCC metastases, including Gram-positive Strep. salivarius, other Strep. and Staph. spp., Gram-negative Prevotella melaninogenica, Fusobacterium nucleatum, and even enteric species, with the frequency of individual species varying between 3 and 50% [21] . Besides the established role of certain bacteria in carcinogenesis (for example, the Gram-negative H. pylori and gastric carcinoma), there is increasing evidence that supports a contributory role for bacteria and inflammation in carcinogenesis and cancer progression in other gastrointestinal, ovarian and prostate carcinomas [22] [23] [24] [25] [26] .
The combination of bacterial contamination with monocyte-lineage cells in the HNSCC microenvironment is likely relevant to the pathogenesis of this cancer, because in response to bacterial products, such as LPS, monocytes produce high levels of cytokines, including IL-6 and TNF-alpha [10, 27] . While IL-6 exerts cytoprotective effects on many host cells, including SCC, through STAT3 activation and induction of antiapoptotic molecules [7, 10] , TNF-alpha is important for host defense against bacteria. However, high concentrations of TNF-alpha can destroy host cells and tissues [28] [29] [30] [31] , and even cause death at high systemic doses [32] . Finally, long-standing chronic inflammatory conditions and cancers are associated with an expansion of peripheral blood monocytes, particularly a CD16 + subset [33] [34] [35] [36] [37] [38] , which is highly phagocytic and can produce high levels of TNF-alpha in response to LPS [36] . The phenotype and function of monocytes associated with long-standing chronic inflammation in the HNSCC microenvironment have not been delineated.
In an effort to begin the dissection of the potential cancer-promoting interactions between HNSCC cells and monocyte-lineage cells in the context of tumor colonization by bacteria, we characterized in vitro the effects of HNSCC cells on the phenotype and function of monocytes from two normal donors. Throughout HNSCC specimens, we found numerous CD16 + small mononuclear cells. In vitro, in the presence of HNSCC cell lines, monocytes had a tendency to gain the expression of Fc receptors CD16 and CD32, shifting the phenotype towards one reminiscent of the CD16 + peripheral blood monocytes mentioned previously (33) (34) (35) (36) (37) (38) . As anticipated, monocytes were the primary source of IL-6 and TNF-alpha in the LPS-stimulated monocyte-HNSCC co-cultures. Most significantly, we found that HNSCC cells profoundly altered monocyte function by strongly suppressing LPS-induced production of TNFalpha, but not of IL-6. These observations are novel and reveal that carcinoma cells, through direct effects on monocyte phenotype and function are likely to impact upon the quality of inflammation in the tumor microenvironment and upon the pathogenesis of HNSCC.
MATERIALS AND METHODS
The study protocol involving human subjects (normal donors of blood) was approved by the University of Iowa Institutional Review Board and by the NYU University Committee on Activities Involving Human Subjects (UCAIHS).
Immunohistochemistry (IHC)
Archival specimens of oral SCC and of nonspecific chronic mucositis were retrieved from the Oral and Maxillofacial Pathology Laboratory at the University of Iowa, College of Dentistry. Sections of paraffin embedded tissue were mounted on aminosilane-coated slides (Newcomer Supply, Middleton, WI) and stained using standard IHC by employing the Ultra Vision horseradish peroxidase-diaminobenzidine (HRP-DAB) Detection System (Lab Vision Corp., Fremont, CA). Briefly, after antigen retrieval (if indicated for the specific primary antibody) and blocking endogenous peroxidase, sections were incubated with primary anti-bodies: anti-CD16 (2H7, mouse IgG2a, BioGenex, San Ramon, CA), anti-CD1a clone O10 (Immunotech, Marseille, France) or negative control mouse IgG (Lab Vision Corp.). This was followed by incubations with goat-anti-mouse biotinylated antibodies, then with avidin-peroxidase, and finally with DAB substrate, all separated by multiple washes with PBS. Sections were counterstained with Mayer's hematoxilin (Fisher Scientific, Waltham, MA). The sections were cover-slipped with Permount (Fisher Scientific).
Cells
HNSCC Cells and Keratinocytes. We selected three established human HNSCC cell lines Cal27 (tongue; American Type Culture Collection, ATCC, Rockville, MD), FaDu (pharynx; ATCC), and 1483 (oral cavity; gift from Dr. P. Sacks, NYU, NYC); primary tonsillar keratinocytes HTE1163 passages four to seven, and human telomerase-immortalized tonsillar keratinocytes TertAd7 (gifts from Dr. A. Klingelhutz and Dr. J. Lee, U. of Iowa, Iowa City). The HNSCC cell lines were selected for this study because of the low intrinsic IL-6 production [13] . HNSCC cell lines were grown in DMEM/F12 (Invitrogen-GIBCO, Grand Island, NY) with 10% heat-inactivated fetal bovine serum (FBS) (Hyclone, Logan, UT). Keratinocytes HTE1163 and TertAd7 were grown in Keratinocyte Serum-Free Medium (KSFM) with 0.2 ng/ml epidermal growth factor and 30 μg/ml bovine pituitary extract (Invitrogen-GIBCO). Cell lines repeatedly tested negative for mycoplasma (ATCC). All cell culture plastic ware and culture reagents were certified endotoxin low or free. In experiments to assess intracellular cytokine expression, monocyte-HNSCC (or keratinocyte) cocultures were incubated for one, two or three days, as indicated, then stimulated for six hours with 200 ng/ml LPS in the presence of Brefeldin A (4 ug/ml; Sigma Aldrich) to inhibit secretion. The cells were then stained for surface phenotype and for intracellular cytokines IL-6 and TNF-alpha to be analyzed by flow cytometry.
ELISA
ELISA for IL-6 (Pierce Endogen, Rockford, IL and Duoset, R&D Systems, Minneapolis, MN) and for TNF-alpha (Duoset, R&D Systems) were performed according to manufacturer instructions. Briefly, Nunc MaxiSorp™ 96-well plates were coated with cytokinespecific antibodies, blocked, and incubated sequentially with standards or sample supernatants (in triplicate), followed by biotinylated cytokine-specific antibodies, avidin-conjugated HRP and tetramethyl benzidine (TMB) substrate (BioFX Laboratories, Inc., Owings Mills, MD). Optical density at 450-650 nm or 450-540 nm, as recommended by the manufacturers (Powerwave X, Bio-Tek Instruments, Inc., Winooski, VT) was converted into concentration using corresponding standard curves.
Flow Cytometry
Antibodies. All primary antibodies were fluorochromelabeled murine IgG1, IgG2a or IgG2b, as follows: antiCD11c-PE clone BU15 (mIgG1); anti-CD14-Cy5-PE clone RMO52 (mIgG2a), anti-CD16-PE clone 3G8 (mIgG1) (Immunotech, Marseille, France), anti-CD11c-Cy5-PE clone B-ly6 (mIgG1), anti-CD16-Cy5-PE clone 3G8 (mIgG1), anti-HLA-DR-FITC clone Tu39 (mIgG2a) (BD Pharmingen, San Jose, CA), anti-CD32-biotin clone 7.3 (mIgG1), anti-CD64-biotin clone 10.1 (mIgG1) (Ancell Cooperation, Bayport, MN), anti-TNFalpha-PE clone MAb11 (mIgG1), anti-IL-6-PE clone 1936 (mIgG2b) (R&D Systems). Control antibodies were isotype and fluorochrome-matched mIgGs (Southern Biotech Associates, Inc., Birmingham, AL; BD Pharmingen).
Flow Cytometry. Flow cytometry was performed as described previously [39] . Briefly, cells were washed with cold FACS buffer. Fc receptors were blocked by incubating cells with normal mouse serum (Caltag, Invitrogen, Carlsbad, CA) for 10 min., and either fluorochrome-labeled, biotinylated or unlabeled primary antibodies were added for 20 min. on ice. Secondary fluorochrome-labeled antibodies or streptavidin-fluorochrome conjugates were used when necessary. The cells were fixed with 2% paraformaldehyde in PBS, pH 7.4. For intracellular staining, after fixation, cells were washed with permeabilization buffer (1% saponin in FACS buffer) and stained with PE-labeled anti IL-6 or anti-TNF-alpha antibodies suspended in permeabilization buffer. Data were collected on FACScan flow cytometer using CellQuest software and analyzed using FlowJo software (TreeStar, Ashland, OR). Routinely, 20,000-40,000 events were collected per sample.
Statistical Analysis
For each experiment, the levels of monocyte CD16, CD32 and CD14 expression were determined as ratios of the CD16, CD32 and CD14 mean fluorescence intensities (MFI) to the corresponding negative control antibody MFI on monocytes, in each of the respective cultures. Donor 1 and Donor 2 results, respectively, were analyzed statistically by comparing the levels of each receptor expression on monocytes co-cultured with keratinocytes or HNSCC cells to those on monocytes cultured alone (control). In addition, the levels of each receptor on monocytes co-cultured with HNSCC cells were compared to those on monocytes co-cultured with keratinocytes.
Similarly, ELISA data from multiple experiments for each donor were combined. The LPS-induced secretion of IL-6 and TNF-alpha in the presence of keratinocytes or HNSCC cells was compared to LPSinduced cytokine secretion by monocytes cultured alone (control). In addition, LPS-induced cytokine secretion in the presence of HNSCC cells was compared to that in the presence of each of the keratinocyte lines.
One-way analysis of variance using SAS 9.1 GLM procedure that accounts for unbalanced data was performed for group comparisons of receptor expression levels and group comparisons of the ELISA data for IL-6 and TNF-alpha. To adjust for multiple comparisons, the two-sided p-value = 0.01 was used to determine statistical significance. Because sample sizes were modest, the overall tests for group differences were confirmed using the nonparametric Kruskal-Wallis test.
RESULTS

HNSCC Cells Affect the Phenotype of Normal Monocytes
Although it is clear that the HNSCC microenvironment is typically associated with ongoing chronic inflammation, which consistently includes numerous monocyte-lineage cells [14] [15] [16] [17] , the effects of HNSCC cells on normal monocyte phenotype have not been defined. To address this question, we performed in vitro studies using monocytes from normal donors and established HNSCC cell lines. Three-day co-cultures were selected for most experiments, because in general, cytokine cocktails and other soluble factors exert their effects on monocyte differentiation in two to four days, and the cells remain healthy and functional without necessitating the replacement of media. Monocytes from two normal donors co-cultured with HNSCC cells Cal27, 1483 or FaDu maintained expression of CD14 and HLA-DR ( Fig. 1) , and remained CD11c-positive ( Fig. 6 ) and DC-SIGN-negative (data not shown), consistent with the monocyte phenotype. In addition, these monocytes tended to gain expression of FcγRIII (CD16) and FcγRII (CD32), and had essentially no FcγRI (CD64) (Fig. 1) . The phenotype of monocytes co- (Fig. 1) was very similar to that of monocytes cocultured with primary keratinocytes HTE1163 (not shown). In distinction from monocyte-HNSCC cocultures, monocytes in the monocyte-keratinocyte cocultures expressed some CD64. While monocytes from the two donors differed in the levels of individual surface markers, the patterns of receptor expression were essentially the same.
Because the expression of CD16 on monocytes is associated with a functionally distinct subset, we performed statistical analysis of the levels of monocyte CD16 expression in the presence of keratinocytes or HNSCC cells relative to CD16 expression on monocytes cultured alone (Table 1) . While CD16 expression on monocytes co-cultured with keratinocytes (immortalized or primary) was not statistically different from that on monocytes cultured alone for either donor, Donor 1 monocytes had statistically significantly higher CD16 levels after exposure to any of the three HNSCC lines. For Donor 2, monocyte CD16 expression after coculture with Cal27 or 1483 increased, but did not reach statistical significance. FaDu did induce statistically significant upregulation of CD16 on Donor 2 monocytes.
Similar statistical analysis of CD32 expression revealed that the increase in CD32 expression relative to control monocytes cultured alone was statistically significant only for Donor 1 in the presence of only two cell lines-keratinocytes and HNSCC FaDu. The changes in CD14 were not statistically significant ( Fig. 1 and data not shown) , consistent with the preservation of monocyte phenotype. Together, these results indicate that HNSCC cells can affect the monocyte phenotype, and the extent of this effect varies between individuals, while the patterns are similar.
These in vitro data appear to be supported by our observations in specimens of oral SCC, where we found numerous CD16 + cells throughout the lesions (Fig. 2a) . Many CD16 + mononuclear cells in the epithelial areas had dendritic morphology, matching the characteristics and distribution of CD1a + DC. The latter observation is of interest, because in vitro, CD16 + monocytes were shown to preferentially differentiate into CD16 + DC [40] , and monocytes were also identified in the murine system as the precursors of mucosal DC [41] . Similarly, CD16
+ mononuclear cells, including cells with dendritic morphology, were found in oral mucosal specimens without premalignant or malignant epithelial change, consistent with our observations on monocytes cocultured with keratinocytes in vitro (Fig. 2b) . The morphology of the CD16 + round mononuclear cells with little cytoplasm is suggestive of either monocytes or NK cells. However, cell-surface CD56 expression in oral mucosal specimens was exceedingly rare (data not shown), supporting the interpretation that the round Secretion of TNF-alpha, but not of IL-6, is Compromised in LPS-stimulated Monocyte-HNSCC Co-cultures As HNSCC cells themselves are heterogeneous in the ability to produce soluble factors, such as IL-6 [12, 13] , while monocytes produce large amounts of IL-6 and TNF-alpha in response to microbial products [10, 27] , we examined IL-6 and TNF-alpha production in the monocyte-HNSCC and in monocyte-keratinocyte cocultures in response to stimulation with bacterial products. The three selected HNSCC lines were similar to keratinocytes in one aspect important for this study, as they produced little IL-6 spontaneously, though Cal27 cells increased IL-6 production when stimulated with LPS [13] . To model an association with Gram-negative bacteria, we used highly pure E-coli LPS.
Representative ELISA results are shown in Fig. 3 . As anticipated, monocytes cultured alone (labeled "none" in the figure) produced high levels of IL-6 in response to LPS, but not in the absence of LPS. Similarly, keratinocytes and HNSCC cell lines were unproductive when cultured in media only. Some increases in IL-6 production were detected in LPSstimulated Cal27 cultures and in LPS-free monocytekeratinocyte TertAd7 co-cultures, consistent with all our previous studies (13 and data not shown). Most importantly, in all monocyte-keratinocyte and monocyte-HNSCC co-cultures, LPS induced high IL-6 levels that were comparable to, or higher than, LPS-induced IL-6 levels when monocytes were cultured alone. Similar to observations with CD16 expression, the general patterns in IL-6 production for the two donors were similar, although Donor 1 monocytes typically produced more IL-6 in response to LPS, than did Donor 2 monocytes.
For statistical analysis, we compared ELISA data from all experiments for each donor, respectively. The levels of IL-6 induced by LPS in monocyte-keratinocyte and monocyte-HNSCC co-cultures were compared to IL-6 induced by LPS in monocytes cultured alone, i.e. control (Fig. 4a) . The general patterns of responses were similar between donors, although some individual differences were apparent. For Donor 1, there were no statistically significant differences in LPS-induced IL-6 levels in the monocyte co-cultures with keratinocytes or HNSCC cells relative to control. For Donor 2, IL-6 levels in LPS-treated monocyte-keratinocyte TertAd7 co-cultures were significantly higher than in control monocyte-LPS cultures (mean 175% of control, p< 0.001), while monocyte-FaDu-LPS co-cultures were less productive than control (mean 63% of control, p= 0.0275). Yet, as seen with Donor 1 monocytes, LPSstimulated Donor 2 monocyte co-cultures with Cal27 or 1483 cells produced IL-6 levels not significantly different from the control (p=0.99 and p=0.099, respectively). Therefore, the optimal conditions for inducing high levels of IL-6 required at least monocytes and LPS. Moreover, keratinocytes and HNSCC cells did not suppress IL-6 output, and sometimes even enhanced it.
Similar to the IL-6 data, secreted TNF-alpha levels in all LPS-free cultures were very low or undetectable (Fig. 3) . As predicted, LPS induced high levels of soluble TNF-alpha when monocytes from either donor were cultured alone (control). However, in striking contrast to IL-6, TNF-alpha production in response to LPS in all monocyte-HNSCC co-cultures was 73-87% lower than in the control LPS-stimulated monocytes cultured alone (p<0.0001 in all cases), which was a four to eight-fold reduction for Donor 1 and five to ten-fold reduction for Donor 2 (Fig. 4b) . Although absolute TNFalpha levels were consistently higher overall for Donor 1 than for Donor 2, the patterns and percent suppression were remarkably similar between donors. Keratinocytes caused somewhat less, yet significant suppression (61-75% reduction for Donor 1 and 57-65% reduction for Donor 2, both p<0.0001). All three HNSCC lines induced significantly more suppression than did immortalized keratinocytes TertAd7 (p<0.001 in all cases). However, relative to primary keratinocytes HTE1163, only 1483 and FaDu were significantly more suppressive (p<0.007, for each cell line for Donor 1 and p<0.0001 for each cell line for Donor 2; Fig. 4b ). Together, these data indicate that without microbial products, such as LPS, monocyte-keratinocyte and monocyte-HNSCC interactions do not consistently yield significant levels of cytokines. Moreover, both HNSCC cells and keratinocytes selectively interfere with LPS-induced production of TNF-alpha, but not of IL-6.
Notably, the same pattern was apparent throughout the culture period, i.e. one, two and three days after stimulation with LPS (Fig. 5a ). In addition, the pattern of high IL-6 vs. low TNF-alpha production was evident irrespective of the variation in LPS doses ranging from 2 to 2,000 ng/ml (Fig. 5b) .
Monocytes Are the Primary Source of IL-6 and TNF-alpha in LPS-stimulated Monocyte-HNSCC and Monocyte-Keratinocyte Co-cultures, and the Monocyte Intracellular Cytokine Levels Consistently Correlate with Secreted Levels
The sources of soluble factors, such as IL-6 and TNF-alpha, in HNSCC lesions have not been investigated previously. As the background IL-6 levels in keratinocyte and HNSCC cultures were low, monocytes were likely the main source of IL-6 in the co-cultures. Indeed, intracellular staining for IL-6 revealed that CD11c-negative cells, i.e. keratinocytes and HNSCC cells, had little if any baseline intracellular IL-6 signal. Even though LPS can induce some IL-6 secretion in some HNSCC (Cal27), the change in Cal27 intracellular signal was very small (Figs. 6c and 7a , right histograms). The CD11c + cells, i.e. monocytes, expressed low levels of intracellular IL-6 after three days in culture, both in the presence and absence of keratinocytes or HNSCC cells. However, intracellular IL-6 signal in monocytes increased markedly in the presence of LPS (Figs. 6c and 7a, left histograms) . The MFI of monocyte intracellular IL-6 strongly correlated with secreted IL-6 (compare with Fig. 3 ). We therefore concluded that monocytes were responsible for most of the IL-6 secreted, and LPS, but not HNSCC cells, was the major inducer of IL-6.
While the background of cell staining with anti-TNF-alpha antibody in all unstimulated cells was uniformly higher than the negative control antibody background, it did not reflect the levels of soluble TNFalpha, which were not detectable, as we showed earlier. Importantly, anti-TNF-alpha antibody binding in the CD11c
− HNSCC cells and keratinocytes remained unchanged in all the conditions tested. In contrast, as in the case of IL-6, the patterns of LPS-stimulated Fig. 4 . Relative levels of IL-6 (a) and TNF-alpha (b) in the supernatants of LPS-stimulated monocyte co-cultures with keratinocytes or HNSCC cells as a percent of control LPS-stimulated monocytes cultured alone. For each donor, combined IL-6 ELISA data and TNF-alpha ELISA data, respectively, from 3 to 5 independent experiments were analyzed statistically to determine the levels of cytokine production in LPS-stimulated monocyte cocultures with keratinocytes or HNSCC cells, relative to control LPS-stimulated monocytes cultured alone (100%). In addition, cytokine levels induced by LPS in the presence of HNSCC cells (Cal27, 1483, FaDu) were evaluated relative to those produced in the presence of keratinocytes (TertAd7 and HTE1163). Statistical analysis was performed using SAS 9.1 GLM procedure for one-way analysis of variance. For multiple comparisons, the twosided p-value = 0.01 was used. * -Statistically significant difference from the control LPS-stimulated monocytes cultured alone. ** -Statistically significant difference from LPS-monocyte-TertAd7 co-cultures. *** -Statistically significant difference from LPS-monocyte-HTE1163 co-cultures. monocyte intracellular TNF-alpha paralleled those of secreted TNF-alpha. Depending upon the donor, LPSstimulated monocytes cultured alone (control) had threeto-seven times higher intracellular TNF-alpha signal over the unstimulated background (Figs. 6d and 7b) , when all CD11c + cells were analyzed, including the small TNF-alpha-negative subset. However, LPS induced less than two-fold increase in intracellular TNF-alpha MFI over the unstimulated background when monocytes were co-cultured with HNSCC cells. Again, keratinocytes had a less profound negative effect on monocyte TNF-alpha production than did HNSCC cells (3.5-4.5-fold increase above background). Moreover, the degree of both intracellular and secreted TNF-alpha suppression in monocytes co-cultured with HNSCC Cal27 progressively increased the longer these cells were together before stimulation with LPS (Fig. 8) . These results indicate that the primary responsibility for the production of TNF-alpha in the LPS-stimulated cocultures rested with the monocytes. However, keratinocytes and especially HNSCC cells selectively suppressed TNF-alpha production most likely at the onset of LPS stimulation, and at all times throughout the culture. The suppression was particularly profound if carcinoma cells were first associated with monocytes in the absence of endotoxin.
DISCUSSION AND CONCLUSIONS
In this study, we focused on the aspect of inflammation in HNSCC that had received little attention to date, i.e. does association with HNSCC cells alter the ability of monocytes to respond to microbial stimulation and does this association impact upon the monocyte phenotype? To eliminate extraneous factors, we employed an in vitro system that included established HNSCC cell lines free of bacterial product contamination, monocytes from two healthy donors (not preconditioned by cancer in vivo), and highly pure E. coli LPS, which is representative of LPS of most Gramnegative bacteria in exerting its well-known effects on monocytes through toll-like receptor (TLR)4. Observations we believe to be of particular interest in this study are 1) the effects of HNSCC cells on monocyte surface phenotype; 2) evidence that monocytes, rather than HNSCC cells, are a major source of IL-6 when bacterial product LPS is present; 3) HNSCC cell-mediated Fig. 5 . Relative IL-6 and TNF-alpha production with respect to time course (a) and LPS dose titration (b). a Donor 1 monocytes were cultured alone or co-cultured with keratinocytes (TertAd7) or HNSCC cells, and 200 ng/ml LPS was added on day 0. Culture supernatants were collected and analyzed 1, 2 and 3 days after LPS stimulation. LPS-induced IL-6 and TNF-alpha production, respectively, on each day of monocyte co-cultures is shown as percent of that produced in LPS-stimulated monocytes cultured alone. The results are representative of two independent experiments. b Donor 1 monocytes were cultured alone or co-cultured with keratinocytes (TertAd7) or HNSCC cells and stimulated on day 0 with 2, 20, 200 and 2,000 ng/ml LPS. Culture supernatants were collected 3 days after LPS stimulation. LPSinduced IL-6 and TNF-alpha production in monocyte co-cultures is shown relative to corresponding LPS-stimulated monocytes cultured alone. Results shown are from 3 independent experiments. alteration of monocyte responses to TLR4-specific microbial product, i.e. selective suppression of TNFalpha; 4) the pattern similarities between the effects of HNSCC cells and of keratinocytes on monocytes.
The phenotypic changes in monocytes exposed for a short period of time to HNSCC cells showed a consistent and interesting trend, particularly significant for Donor 1 and reminiscent of the subset of peripheral blood monocytes that express CD11c, CD14, HLA-DR, CD16, CD32, but not CD64 or DC-SIGN [33-36, 38, 42, 43] . The levels of CD16 expression on the monocytes in our three-day co-cultures were lower than those described on the CD16 + subset of peripheral blood monocytes seen in inflammatory conditions, so it is possible that multiple factors regulate monocyte CD16 expression. Most importantly, the phenotype of monocytes after cultures with HNSCC cells was consistent with the phenotype of cells observed in specimens. In addition, we also find marked upregulation of CD16 on monocytederived dendritic cells co-cultured with keratinocytes and HNSCC cells (manuscript in preparation). However, studies of fresh samples are needed to clearly identify all the CD16 + mononuclear cell populations in HNSCC. We attempted to determine how HNSCC cells regulate CD16 expression on monocytes. Transwell and supernatant transfer experiments revealed that soluble factors produced by carcinoma cells were sufficient to promote CD16 expression (data not shown). We evaluated the role of TGF-beta 1, because it was previously shown to induce CD16 expression on monocytes in vitro [40] , and TGF-beta 1 was detected by others in a subset of HNSCC samples [44] . We found little support for any significant role of TGF-beta 1 in the CD16 + monocyte phenotype in our system, as cocultures with only one HNSCC cell line, Cal27, contained some TGF-beta 1 (both inactive and active forms). In addition, blocking TGF-beta 1 with neutralizing antibodies only minimally reduced CD16 expression on monocytes, irrespective of TGF-beta 1 production or activity levels (data not shown).
CD16 is a low-affinity FcγRIII, a receptor important for the recognition of immune complexes. The significance of Fcγ receptor expression on HNSCCassociated monocytes and DC is unknown. Considering that the HNSCC microenvironment is typically inflamed and contaminated by microbial products, it is likely that immune complexes are present in the tumor microenvironment and may cross-link CD16. The crosslinking of CD16 was shown to protect human monocytes from apoptosis and to strongly induce CCL2 production [45, 46] , both of which could contribute to a monocyte-rich microenvironment. A concurrent engagement of FcγRI, II or III with TLR in murine macrophages was shown to interfere with TLR-induced IL-12 production, but enhanced IL-10 production [47] , thus skewing the immune response towards a Th2-type. Th2-type response is known to prevail in patients with HNSCC and other cancers [48] . Therefore, it will be important to identify the effects of CD16 crosslinking on monocytes in the context of HNSCC.
A recent study in the mouse showed that the CCR2 high Gr1 high subset of blood monocytes (which are believed to correspond to the CCR2 high CD16
− human monocytes) were identified as the precursors of gut and lung mucosal DC [41] . These monocytes also showed plasticity and reverted to Gr1 low phenotype (thought to be similar to the CD16 + human monocytes) [41] . Our studies involved human total blood monocytes, 80-90% of which are CCR2 high CD16
− [41] , all of which appeared to up-regulate CD16 expression in the 3-day co-cultures. It is tempting to speculate that our results may reflect a similar phenotypic plasticity in the human monocyte system as a consequence of exposure to epithelial cells, especially noticeable with malignant epithelial cells. The impact of epithelial cells on monocyte differentiation remains to be determined.
As mentioned earlier, IL-6 levels are known to consistently increase in patients with advancing stages of HNSCC [2] [3] [4] , but the underlying mechanisms are poorly understood. Although some HNSCC cells can constitutively produce significant amounts of IL-6 [13] , only three out of nine (i.e. ∼30%) established HNSCC cell lines we tested in vitro were high producers [reference 13 and data not shown]. In our previous study we showed that the poor IL-6 producers responded to IL-6 by activating STAT3, and that supernatants from LPS-monocyte-HNSCC co-cultures strongly induced STAT3 activation, in part due to IL-6 [13] . The lack of HNSCC cell interference with LPS-induced monocyte IL-6 production identified in this study fits well with the pro-survival effect of STAT3 activation in HNSCC cells [9, 10, 13, 48] , and with the immunosuppressive effect of STAT3 activation in immune cells that leads to a Th2-type response [49] [50] [51] [52] [53] [54] . As increasing numbers of monocytelineage cells in HNSCC directly correlate with a more advanced stage [17] , and the primary lesions as well as lymph node metastases of HNSCC contain bacteria [18, 19, 21] , our data suggest a plausible explanation for the high IL-6 levels in patients with advancing HNSCC.
It is interesting that the overall patterns of monocyte phenotype and functions from the two donors were quite similar, even though the absolute levels of CD16 expression and cytokine production differed. Donor 1 cells were not only more strongly influenced to express CD16, but also consistently, in every experiment, secreted higher levels of cytokines than Donor 2 monocytes (Fig. 3) . Although speculative, one potential contributing factor may be that Donor 1 is of considerably more advanced age, when chronic inflammatory conditions associated with increased CD16 + monocyte populations are relatively common. In this regard, epidemiologic studies of age-related changes in monocyte phenotypes and functions would be of significant interest. Whether such quantitative differences would affect the course of pathologic conditions associated with chronic inflammation, including cancer is not known.
A particularly remarkable and novel observation is that, HNSCC cells and to a lesser extent, keratinocytes selectively suppressed LPS-induced monocyte production of TNF-alpha, which became more pronounced throughout the three-day course. A global interference of HNSCC or keratinocytes with monocyte survival and/or ability to function are highly unlikely, because we saw no increase in cell death in any of the co-cultures either microscopically or by flow cytometry, and because the production of IL-6 remained consistently high.
The mechanism of TNF-alpha suppression by HNSCC cells is of great interest. Activated STAT3 was reported to inhibit LPS-induced TNF-alpha production [53] [54] [55] , and we found at least two STAT3-activating factors in the LPS-stimulated co-cultures: IL-6 ( Fig. 3) and IL-10 (data not shown). However, LPS strongly induced production of IL-6 and IL-10 irrespective of HNSCC cell presence, eliminating activated STAT3 as a likely candidate. Recently, hyaluronan, a high-molecular weight glycosaminoglycan produced by HNSCC and many other tumor cells, was shown to deactivate monocyte responses to LPS [56] [57] [58] , but in contrast to our observations, it similarly affects both TNF-alpha and IL-6 production [56, 57, 59] . In addition, keratinocytes also selectively suppressed TNF-alpha, but not IL-6 production.
Consistent with our findings are recently reported observations that peripheral blood mononuclear cells from patients with HNSCC produced less TNF-alpha in response to phytohemagglutinin than those of healthy individuals [60] . In addition, patients with lung adenocarcinoma had decreased numbers of peripheral blood TNF-alpha-producing monocytes upon LPS stimulation [61] . The mechanisms of TNF-alpha suppression in the circumstances mentioned are not known, but these observations are not surprising, as TNF-alpha toxicity necessitates its tight control during immune responses to microbial insults. Recent studies in mice showed that in the absence of T cells unchecked systemic LPS-induced innate immune system cell release of TNF-alpha was lethal, and that contact with T cells could negatively regulate TNF production in peripheral blood monocytes via an unknown mechanism [32] . Ongoing studies in our laboratory are focused on identifying the molecule(s) responsible for TNF-alpha suppression in our system.
Although the role of TNF-alpha in HNSCC pathogenesis is unclear, its effects may be dose-dependent. HNSCC cells are sensitive to TNF-alpha-induced cell death [31, 62, 63] , but low doses of TNF-alpha can also act as an endogenous tumor promoter in some cancers [64] . Low doses of TNF-alpha induced proliferation of ovarian cancer cells and promoted angiogenesis [63] . On the other hand, locoregional administration of high doses of TNF-alpha induced hemorrhagic necrosis, anti-tumor immune responses and inhibited angiogenesis [28, [65] [66] [67] . TNF-alpha may drive monocytes to differentiate into CD70 + dendritic cells that are known to persistently induce Th1 responses [68] , which would be detrimental to the tumor. In addition, TNF-alpha induces an antimicrobial peptide human beta-defensin (HBD)2 in keratinocytes and in oral SCC cells [69, 70] . Many Gram-positive and Gramnegative bacteria, fungi and viruses are sensitive to HBD2 [69, 70] , so the pronounced suppression of TNF-alpha may be a contributing factor to the survival of bacteria in the HNSCC environment.
As a final point of discussion, we were interested in the qualitative similarities between the effects of HNSCC cells and keratinocytes on monocytes. Primary keratinocytes and telomerase-immortalized keratinocytes showed similar outcomes, and the small differences between the two were possibly related to differences in the level of differentiation. While keratinocyte and HNSCC cell numbers at the end of 3-day cultures may well have been different, this alone does not explain the more profound effects of HNSCC cells, as a group, relative to keratinocytes. For example, the HNSCC 1483 cells grow much slower than Cal27 or FaDu cells, yet had perhaps the most striking effects on the monocytes. In this regard, the similarity between benign and malignant epithelial cells suggests that malignant cells tend to preserve, and even enhance, certain functions of their normal counterparts that affect their relationship with the local microenvironment.
The lack of an obvious qualitative contrast between keratinocytes and HNSCC cells in their effects on normal monocytes raises the issue of a potential parallel between wound healing and carcinoma microenvironment. For example, monocytes are necessary for normal wound healing [71, 72] , and are also important contributors to the SCC microenvironment [17, 73] . In both instances, there is direct contact between the monocytes and epithelial cells, and STAT3 activation is critical for both wound healing and carcinogen-induced skin cancer development [74] . In addition, although focused on epithelial genes, studies of skin keratinocytes revealed similar genetic regulation in hyperproliferative epithelium of healing wounds and in skin carcinoma, but distinct from normal, undisturbed keratinocytes of intact skin [73] . Finally, the similarities in pathogenesis of wounds and squamous carcinoma are likely enhanced by the presence of microbial products that via TLR regulate the function of many cell types present in the mucosa.
In summary, our data provide a novel insight into the effects of HNSCC cells and oral keratinocytes on monocyte phenotype and functions relevant to HNSCC microenvironment and pathogenesis.
